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&RS\ULJKWOLQHZLOODSSHDUKHUH
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH%D\HULVFKHV/DVHU]HQWUXP*PE+
Keywords:6HOHFWLYHODVHUPHOWLQJSRZGHUEHGSUHKHDWLQJ+WRROVWHHO
,QWURGXFWLRQ
6HOHFWLYHODVHUPHOWLQJ6/0LVDQDGGLWLYHPDQXIDFWXULQJWHFKQLTXHLQZKLFKPHWDOSRZGHULVPROWHQE\DODVHU
LQDOD\HUE\OD\HUIDVKLRQ,WVDSSOLFDWLRQVPDLQO\FRQVLVWRIFRPSOH[SDUWVDQGORZTXDQWLW\SURGXFWLRQ%HFDXVHRI
WKHORFDOKHDWLQJDQGFRROLQJRIWKHPDWHULDOGXULQJWKHSURGXFWLRQSURFHVVVHYHUDOSUREOHPVDULVHVXFKDVWKHUPDOO\


&RUUHVSRQGLQJDXWKRU7HO
E-mail address:UD\DPHUWHQV#NXOHXYHQEH
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
 R. Mertens et al. /  Physics Procedia  83 ( 2016 )  882 – 890 883
LQGXFHGVWUHVVHVLQWKHSDUWVDQGIRUPDWLRQRILQKRPRJHQHRXVPLFURVWUXFWXUHV2QHZD\WRRYHUFRPHWKHVHSUREOHPV
FRQVLVWVRI LQSURFHVVSRZGHUEHGSUHKHDWLQJ DVPHQWLRQHGE\*XHW DO DQG LOOXVWUDWHGE\.HPSHQHW DO
9UDQFNHQHWDODQG6DQGHUHWDO
3RZGHUEHGSUHKHDWLQJLVDSSOLHGIRU+WRROVWHHO7KLVKRWZRUNLQJWRROVWHHOKDVKLJKKDUGHQDELOLW\DQGZHDU
UHVLVWDQFHJRRGWKHUPDOIDWLJXHSHUIRUPDQFHDQGUHWDLQVWRXJKQHVVDQGVWUHQJWKDWKLJKWHPSHUDWXUHVZKLFKPDNHV
LWVXLWDEOHWREHXVHGLQWRROVIRUKRWZRUNLQJRSHUDWLRQVVXFKDVSODVWLFLQMHFWLRQPROGLQJGLHFDVWLQJIRUJLQJDQG
H[WUXVLRQ 5HFHQW VWXGLHV IRFXV RQ VXUIDFH KDUGHQLQJ 7HODVDQJ HW DO E =KDQJ HW DO  &RQJ HW DO
-LDHWDODQG/HHHWDODQGODVHUFODGGLQJ2X\DQJHWDO&RWWDPDQG:DQJ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0D]LDV]HWDO3LQNHUWRQDQG/L7HODVDQJHWDO*XHWDORIWKLVPDWHULDO,QDGGLWLRQ
&RUQLHU HW DO  UHSRUW DERXW WKH SURFHVVLQJ RI+ WRRO VWHHO E\ HOHFWURQ EHDPPHOWLQJ $O0DQJRXU HW DO
 DERXW 6/0 RI + DQG 0F+XJK HW DO  DERXW VSUD\ IRUPLQJ RI + $OO WKHVH SURFHVVHV DUH
FKDUDFWHUL]HGE\UDSLGFRROLQJRIWKHPDWHULDODQGWKHUHIRUHDYHU\ILQHFHOOXODUGHQGULWLFPLFURVWUXFWXUHLVIRUPHG
ZKLFKPDLQO\FRQVLVWVRIPDUWHQVLWHZLWKUHWDLQHGDXVWHQLWHDQGFDUELGHVDWJUDLQERXQGDULHV0F+XJKHWDO
DQG(VHUHWDOEDOVRUHSRUWIRUPDWLRQRIEDLQLWHGXULQJFRROLQJRUGXULQJWHPSHULQJRIWKHUHWDLQHGDXVWHQLWH
,QODVHUKDUGHQLQJRQO\WKHWRSOD\HURIWKHSDUWLVPRGLILHGDQGWKXVKDUGHQHG&RQJHWDODQG-LDHWDO
UHSRUWKDUGQHVVHVRIWKHWRSOD\HUEHWZHHQDQG+Y7HODVDQJHWDOEHYHQREWDLQHGKDUGQHVV
YDOXHVXS WR+Y'XULQJ ODVHUFODGGLQJ WKH HQWLUHSDUW LVPDGH LQ D VLPLODUZD\DQGKDUGQHVVYDOXHVRI
+YDUHREWDLQHGE\2X\DQJHWDO&RWWDPDQG:DQJDQG7HODVDQJHWDO3LQNHUWRQDQG/L
HYHQUHSRUWKDUGQHVVHVLQWKHUDQJHRI+Y'XULQJODVHUFODGGLQJKRZHYHUERWWRPOD\HUVXQGHUJRD
VSHFLILF WKHUPDO KLVWRU\ RI UHKHDWLQJ GXULQJ GHSRVLWLRQ RI HYHU\ VXEVHTXHQW OD\HU 7KHUHIRUH D WHPSHUHG
PLFURVWUXFWXUH LV H[DPLQHG LQ ODVHU FODGGHG+ SDUWV E\2X\DQJ HW DO  DQG0D]LDV] HW DO  7KLV
WHPSHULQJFDXVHVD VLJQLILFDQW UHGXFWLRQ LQKDUGQHVV VLQFH WKHPDUWHQVLWHEUHDNVGRZQ&RWWDPDQG:DQJ 
DQG3LQNHUWRQDQG/LLQWRDWHPSHUHGPLFURVWUXFWXUH
7KHPDUWHQVLWLFWUDQVIRUPDWLRQGXULQJIDVWFRROLQJRIWKLVPDWHULDOKDVEHVLGHVKDUGQHVVDOVRDPDMRULQIOXHQFH
RQLQWHUQDOVWUHVVHVLQWKHSDUWV*XHWDOVWDWHWKDWWKHPDUWHQVLWLFWUDQVIRUPDWLRQOHDGVWRYROXPHLQFUHDVHV
RIXSWRZKLFKLQGXFHFRPSUHVVLYHVWUHVVHVDWWKHVXUIDFHRIWKHSDUW-LDHWDOPHDVXUHGDFRPSUHVVLYH
VWUHVV RI 03D DIWHU VXUIDFH KDUGHQLQJ &RWWDP DQG :DQJ  DQG 7HODVDQJ HW DO  REWDLQHG
FRPSUHVVLYHVWUHVVHVRI UHVSHFWLYHO\ DQG 03D LQ ODVHUFODGGLQJ)XUWKHUPRUH&RWWDPDQG:DQJ
GHWHUPLQHGVWUHVV OHYHOV WKURXJKRXW WKHHQWLUHSDUWDQGFRQFOXGHG WKDWDOWKRXJKFRPSUHVVLYHVWUHVVHVDUHIRXQGDW
WKH RXWHU VXUIDFH WHQVLOH VWUHVVHV 03D DUH SUHVHQW LQ WKHPLGGOH RI WKH SDUWZKLFK FDQEH H[SODLQHGE\ WKH
YROXPH GHFUHDVH GXULQJ WHPSHULQJ RI WKHPDUWHQVLWLF VWUXFWXUH0F+XJK HW DO  REWDLQHG VLPLODU WUHQGV LQ
VSUD\IRUPHGSDUWV+HUHVWUHVVOHYHOVZHUHKLJKHULQJHQHUDOUDQJLQJIURP03DFRPSUHVVLYHVWUHVVWR03D
WHQVLOHVWUHVV
6RIDUWKHVSHFLILFPLFURVWUXFWXUHDQGSURSHUWLHVIRUPHGE\DGGLWLYHPDQXIDFWXULQJRIWKLV+WRROVWHHOKDYH
EHHQ UHSRUWHG H[WHQVLYHO\ +RZHYHU QRQH RI WKHVH VWXGLHV H[DPLQH WKH HIIHFW RI LQSURFHVV SUHKHDWLQJ RQ
PLFURVWUXFWXUH RU LQWHUQDO VWUHVV OHYHOV ,Q WKLV VWXG\ SDUWV SURGXFHG E\ 6/0 ZLWKRXW DQG ZLWK SUHKHDWLQJ
WHPSHUDWXUHVRI&&&DQG&DUHFRPSDUHG:LWKRXWDSSOLFDWLRQRISUHKHDWLQJWKHWRSDUHDRI
WKH SDUW FRQVLVWV RI D YHU\ KDUG PDUWHQVLWLF VWUXFWXUH WKDW LV ODUJHO\ WHPSHUHG ZKHQPRYLQJ DZD\ IURP WKH WRS
VXUIDFH7KLVPLFURVWUXFWXUDOGLIIHUHQFHOHDGVWRODUJHFRPSUHVVLYHVWUHVVHVDWWKHWRSDUHD3UHKHDWLQJRI&RQ
WKHRWKHUKDQGOHDGVWRDXQLIRUPEDLQLWLFVWUXFWXUHZKLFKUHVXOWVLQEHWWHUPHFKDQLFDOSURSHUWLHVLQFRPSDULVRQWR
WKHWHPSHUHGPDUWHQVLWLFVWUXFWXUHRISDUWVSURGXFHGZLWKRXWSUHKHDWLQJ
0DWHULDOVDQGPHWKRG
7KH FKHPLFDO FRPSRVLWLRQ RI WKH + SRZGHU XVHG LV OLVWHG LQ 7DEOH  7KH SRZGHU LV SURGXFHG E\ JDV
DWRPL]DWLRQ)LJVKRZVWKHPRUSKRORJ\DQGJLYHVDQLQGLFDWLRQRIWKHVL]HUDQJHRIWKHSRZGHUSDUWLFOHV
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)LJ*DVDWRPL]HG+WRROVWHHOSRZGHU

7KHSRZGHULVSURFHVVHGE\XVLQJDQLQKRXVHGHYHORSHG6/0PDFKLQHRI.8/HXYHQHTXLSSHGZLWKD<E<$*
ILEHU ODVHUZLWK DPD[LPXPRXWSXW SRZHU RI :DQG D EHDPGLDPHWHU GHð RI P%DVH SODWH SUHKHDWLQJ LV
DSSOLHGXVLQJD UHVLVWLYHKHDWLQJHOHPHQWXQGHUQHDWK WKHEDVHSODWH7KH WHPSHUDWXUH LV FRQWUROOHGZLWKLQ&
XVLQJD WKHUPRFRXSOHDWWDFKHG WR WKHKHDWLQJHOHPHQWDQGD3,'FRQWURO ORRS6LQFH WKHPD[LPDOSDUWKHLJKWZDV
PPDQGEHFDXVHRIWKHJRRGFRQGXFWLYLW\RIWKHVROLGPHWDODVXIILFLHQWKRPRJHQHRXVWHPSHUDWXUHGLVWULEXWLRQLQ
WKHSDUWVGXULQJWKHSURFHVVLVH[SHFWHG$OOSDUWV[[PPñFXEHVDQGWHQVLOHVSHFLPHQVDUHEXLOWE\DSSO\LQJ
DELGLUHFWLRQDOVFDQQLQJVWUDWHJ\ZLWKURWDWLRQEHWZHHQOD\HUV7KHOD\HUWKLFNQHVVDQGVFDQVSDFLQJYDOXHVZHUH
NHSWFRQVWDQWDWPDQGPUHVSHFWLYHO\7ZRSDUDPHWHUVHWVUHVXOWLQJIURPWKHSDUDPHWHURSWLPL]DWLRQDUH
XVHG 7KH\ ERWK DSSO\ D ODVHU SRZHU RI : 6FDQQLQJ VSHHGV DUH PPV SDUDPHWHU VHW  DQG PPV
SDUDPHWHUVHW5HODWLYHGHQVLWLHVDUH!DVGHWHUPLQHGE\SL[HOFRXQWPHDVXUHPHQWVXVLQJ,PDJH-VRIWZDUH
0LFURVWUXFWXUHVDQGIUDFWXUHVXUIDFHVDUHLQVSHFWHGE\XVLQJD3KLOLSV;/)(*VFDQQLQJHOHFWURQPLFURVFRSH
6DPSOH SUHSDUDWLRQ IRU PLFURVWUXFWXUH LPDJHV FRQVLVWV RI SROLVKLQJ GRZQ WR 236 DQG HWFKLQJ ZLWK D  1LWDO
VROXWLRQ3KDVHVSUHVHQW LQ WKHPDWHULDODUHDQDO\VHGEDVHGRQ;5'GLIIUDFWLRQSDWWHUQVPHDVXUHGZLWKD6LHPHQV
'JRQLRPHWHUZLWK&XUDGLDWLRQRQSROLVKHGVDPSOHVSURGXFHGZLWKSDUDPHWHUVHW
5HVLGXDOVWUHVVHVDWWKHWRSVXUIDFHVRISDUWVSURGXFHGZLWKSDUDPHWHUVHWDUHGHWHUPLQHGZLWKWKHKHOSRI;5'
VWUHVVPHDVXUHPHQWVRQD6HLIHUW0=,9JRQLRPHWHUZLWK&UUDGLDWLRQ+HUHIRUHWKH)HĮ^`SHDNZDVVFDQQHG
ZKLFKLVORFDWHGDURXQG7KHHODVWLFFRQVWDQWV6 [03DDQG6 [03DREWDLQHG
IURP&RVWDHWDODUHXVHG
9LFNHUVPLFURKDUGQHVVHVDUHPHDVXUHGXVLQJD)XWXUH7HFK)9KDUGQHVV WHVWHUZLWKDQLQGHQWDWLRQORDGRI
NJ RQ SROLVKHG VXUIDFHV RI WKH SDUWV XVHG IRU VWUHVVPHDVXUHPHQWV 7R DVVHVV YDULDWLRQV RI KDUGQHVV DFURVV D
VHFWLRQSDUDOOHOWRWKHEXLOGLQJGLUHFWLRQDPDWUL[RIKDUGQHVVPHDVXUHPHQWVLVSHUIRUPHGDQDORJRXVWR&RWWDPDQG
:DQJ7KHGLVWDQFHVIURPWKHERDUGHURIWKHSDUWDQGEHWZHHQDGMDFHQWLQGHQWDWLRQVLVIL[HGDWPPDQG
LQ DFFRUGDQFH WR$670( ,Q RUGHU WR REWDLQ DFFXUDWH KDUGQHVV YDOXHV FORVH WR WKH WRS VXUIDFH RI WKH SDUWV
KDUGQHVVPHDVXUHPHQWVDUHSHUIRUPHGRQDSROLVKHGFURVVVHFWLRQSHUSHQGLFXODUWRWKHEXLOGLQJGLUHFWLRQ
7HQVLOH EHDPVKDSH [[PPñ VSHFLPHQV DUH SURGXFHG XVLQJ SDUDPHWHU VHW  DQG DUH PDFKLQHG WR ILQDO
VKDSHE\HOHFWULFDOGLVFKDUJHPDFKLQLQJ7HQVLOHWHVWVDUHSHUIRUPHGE\XVLQJDQ,QVWURQPDFKLQHDFFRUGLQJWR
$670(0ZLWKDVWUDLQUDWHRIPPPLQ
5HVXOWV
)LJ  VKRZV DQ 6(0 LPDJH RI D VLGH YLHZ VHFWLRQ DORQJ WKH EXLOGLQJ GLUHFWLRQ RI D SDUW SURGXFHG ZLWK
SDUDPHWHUVHWZLWKRXWDSSOLFDWLRQRISUHKHDWLQJ7KHEXLOGLQJGLUHFWLRQLVVLWXDWHGWRZDUGVWKHWRSRIWKHILJXUHDV
LQGLFDWHGE\WKHDUURZ$ILQHFHOOXODUVWUXFWXUHLVREVHUYHGZKLFKLVLQDFFRUGDQFHWROLWHUDWXUH1RFOHDUGLIIHUHQFHV
LQ FHOOXODU VWUXFWXUH DUH IRXQG EHWZHHQ SDUWV SURGXFHG DW GLIIHUHQW SUHKHDWLQJ WHPSHUDWXUHV 'LIIHUHQFHV LQ
PLFURVWUXFWXUHVPLJKWDSSHDULQVLGHRIWKHREVHUYHGFHOOV,QRUGHUWRDVVHVVWKLVKRZHYHUPRUHLQGHSWKDQDO\VLVLV
QHFHVVDU\
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
)LJ6LGHYLHZPLFURVWUXFWXUHZLWKRXWSUHKHDWLQJ7KHDUURZLQGLFDWHVWKHEXLOGLQJGLUHFWLRQ
;5'VSHFWUDRISDUWVSURGXFHGDW WKUHHSUHKHDWLQJWHPSHUDWXUHV)LJVKRZWKDWERWKIFFDQGEFFSKDVHVDUH
SUHVHQW IRU DOO SUHKHDWLQJ WHPSHUDWXUHV $W D SUHKHDWLQJ WHPSHUDWXUH RI & EFF LV OHVV SUHVHQW FRPSDUHG WR
SURGXFWLRQ ZLWKRXW DQG DW & SUHKHDWLQJ & SUHKHDWLQJ UHVXOWV LQ WKH VPDOOHVW IFF SHDNV 7KH IFF SHDNV
LQGLFDWHWKHSUHVHQFHRIUHWDLQHGDXVWHQLWHLQWKHPDWHULDO7KHUHIRUHWKHUHLVPRUHUHWDLQHGDXVWHQLWHSUHVHQWLQWKH
SDUWVSURGXFHGDWDSUHKHDWLQJWHPSHUDWXUHRI&7KHEFFSHDNVUHSUHVHQWPDUWHQVLWHEXWDOVREDLQLWHVLQFHERWK
FRQVLVWRIDGLVWRUWHGEFFEFWVWUXFWXUH

 
)LJ;5'GLIIUDFWLRQSDWWHUQVIRUSDUWVSURGXFHGZLWKRXWDQGZLWKSUHKHDWLQJRI&DQG&
7KHUHVLGXDOVWUHVVPHDVXUHPHQWVRQWKHWRSVXUIDFHVSHUIRUPHGE\;5'DUHVXPPDUL]HGLQ)LJ1RUPDODV
ZHOO DV VKHDU VWUHVVHV DUH SUHVHQW LQ WKH SDUWV )LJ  VKRZV PD[LPXP SULQFLSDO VWUHVVHV ZKLFK DOORZV IRU D
FRPSDULVRQRIWKHODUJHVWVWUHVVSUHVHQWLQHDFKSDUW:LWKRXWDSSOLFDWLRQRISUHKHDWLQJODUJHFRPSUHVVLYHVWUHVVHV
DUH IRXQG EHFDXVH RI WKH YROXPH LQFUHDVH GXULQJ PDUWHQVLWH IRUPDWLRQ DV UHSRUWHG LQ OLWHUDWXUH ,QFUHDVLQJ WKH
SUHKHDWLQJWHPSHUDWXUHOHDGVWRJUDGXDOO\LQFUHDVLQJVWUHVVHVZKLFKEHFRPHWHQVLOHIRU&DQG&SUHKHDWLQJ
'XULQJSURGXFWLRQZLWKRXWSUHKHDWLQJEDVHSODWHWHPSHUDWXUHVHDVLO\UHDFK&7KHUHIRUHWKHPD[LPXPVWUHVV
OHYHOLQFUHDVHVDSSUR[LPDWHO\OLQHDUZLWKSUHKHDWLQJWHPSHUDWXUHIURP03DDWDWHPSHUDWXUHRIDERXW&WR
03DDWDWHPSHUDWXUHRI&
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
)LJ5HVLGXDOVWUHVVPHDVXUHPHQWVRQVDPSOHVZLWKGLIIHUHQWSUHKHDWLQJWHPSHUDWXUHV
+DUGQHVVPDSVRIWKUHHSDUWVWKDWZHUHXVHGIRUUHVLGXDOVWUHVVPHDVXUHPHQWVDUHVKRZQLQ)LJ(DFKWLPHD
FURVVVHFWLRQDORQJWKHEXLOGLQJGLUHFWLRQLVPDGHLQWKHPLGGOHRIWKHSDUW7RSVXUIDFHVDUHVLWXDWHGDWWKHWRSRIWKH
LPDJHV (DFK VTXDUH LQGLFDWHV RQH LQGHQWDWLRQ:KLWH VTXDUHV DUH VKRZQ DW SODFHVZKHUH QR YDOLGPHDVXUHPHQW
UHVXOWFRXOGEHREWDLQHG'DUNEOXHVTXDUHVLQGLFDWHYHU\ORZKDUGQHVVYDOXHVZKLFKFDQEHH[SODLQHGE\SRURVLWLHV
LQ WKHSDUWV ,Q JHQHUDO SUHKHDWLQJ DW & UHVXOWV LQ ORZHU RYHUDOO KDUGQHVV DQGSUHKHDWLQJRI& UHVXOWV LQ
KLJKHURYHUDOOKDUGQHVV
,Q DGGLWLRQ WR WKHVH PHDVXUHPHQWV KDUGQHVV PHDVXUHPHQWV DUH SHUIRUPHG DW VHFWLRQV SHUSHQGLFXODU WR WKH
EXLOGLQJGLUHFWLRQFORVHWRWKHWRSVXUIDFHRIWKHSDUWV 7DEOH  7KHVH PHDVXUHPHQWV DUH FDUULHG RXW
EHFDXVH D GLVWDQFH RI P IURP WKH WRS VXUIDFH RI WKH SDUWV ZDV WDNHQ LQWR DFFRXQW IRU WKH KDUGQHVV PDSV
+DUGQHVV YDOXHV DW WKH WRS OD\HU DUH YHU\ KLJK IRU SDUWV SURGXFHGZLWKRXW SUHKHDWLQJ 7KLV WUHQG LV DOVR VOLJKWO\
VKRZQLQ)LJZKHUHWKHWRSURZRIWKHSDUWZLWKRXWSUHKHDWLQJDOUHDG\VKRZVKLJKHUKDUGQHVVYDOXHVWKDQWKHUHVW
RI WKH SDUW 3UHKHDWLQJ DW & OHDGV WR WKH VDPH WUHQG EXWPRUH DWWHQXDWHG)RU SUHKHDWLQJ DW & KDUGQHVV
YDOXHVRIWKHWRSOD\HUDUHVLPLODUWRWKHKDUGQHVVHVREWDLQHGLQWKHWRSPPRIWKHSDUW
7KHKLJKKDUGQHVVYDOXHVREWDLQHGDWWKHWRSRIWKHSDUWVIRUSDUWVSURGXFHGZLWKRXWDQGZLWK&SUHKHDWLQJ
DUHUHODWHGWRWKHIRUPDWLRQRIPDUWHQVLWHLQHDFKQHZO\VROLGLILHGOD\HUEHFDXVHRIWKHUHODWLYHO\IDVWTXHQFKLQJ7KH
VLJQLILFDQW GURS LQ KDUGQHVV ZKHQ PRYLQJ DZD\ IURP WKH WRS VXUIDFH LQGLFDWHV VLJQLILFDQW WHPSHULQJ RI WKH
PDUWHQVLWLFPLFURVWUXFWXUH)RUSDUWVSURGXFHGZLWKDSUHKHDWLQJWHPSHUDWXUHRI&KRZHYHUKDUGQHVVYDOXHVDUH
ORZHU LQ WKH WRS OD\HU EXW GRQ¶W GURS WKDW IDVW ZKHQPRYLQJ DZD\ IURP WKH WRS VXUIDFH +HUH DPRUH XQLIRUP
PLFURVWUXFWXUHLVIRUPHGWKDWVXIIHUVOHVVIURPWHPSHULQJ,QWKLVSDUWDOHVVSURQRXQFHGWHPSHULQJHIIHFWLVQRWLFHG
WRZDUGVWKHERWWRPRIWKHSDUWDVFDQEHVHHQLQ)LJ


)LJ9LFNHUVPLFURKDUGQHVVPHDVXUHPHQWVRQFURVVVHFWLRQVIRUGLIIHUHQWSUHKHDWLQJWHPSHUDWXUHV$OOILJXUHVXVHWKHVDPHVFDOH
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 7DEOH9LFNHUVPLFURKDUGQHVVYDOXHVFORVHWRWKHWRSVXUIDFHRIWKHSDUWVIRUGLIIHUHQWSUHKHDWLQJWHPSHUDWXUHV
3UHKHDWLQJWHPSHUDWXUH 1R & &
+YFRQILGHQFHLQWHUYDOVEDVHGRQPHDVXUHPHQWV   

)LQDOO\WHQVLOHSURSHUWLHVRIWKHSDUWVSURGXFHGZLWKGLIIHUHQWSUHKHDWLQJWHPSHUDWXUHVDUHDVVHVVHG7KHUHVXOWVRI
WKHVHWHQVLOHWHVWVDUHVKRZQLQ)LJDQG7DEOH)LUVWRIDOOWKHREWDLQHGGDWDVKRZJRRGUHSHDWDELOLW\6HFRQGO\
VLJQLILFDQWGLIIHUHQFHVDUHQRWLFDEOHEHWZHHQGLIIHUHQWSUHKHDWLQJ WHPSHUDWXUHV<LHOGDQGXOWLPDWHVWUHQJWKYDOXHV
ILUVWGHFUHDVHDQGWKHQLQFUHDVHDJDLQZLWKLQFUHDVLQJSUHKHDWLQJWHPSHUDWXUH$YHUDJHHORQJDWLRQDWEUHDNLVVLPLODU
IRU DOO WHVWHGSUHKHDWLQJ WHPSHUDWXUHV ,PSRUWDQW WRQRWLFH LV WKH VLJQLILFDQWKDUGHQLQJEHKDYLRU DQGKLJKXOWLPDWH
WHQVLOHVWUHQJWKRISDUWVSURGXFHGZLWK&SUHKHDWLQJWHPSHUDWXUH7KHVWUHQJWKREWDLQHGKHUHLVFRPSDUDEOHWR
FRQYHQWLRQDOO\PDGH DQG KHDW WUHDWHG+ WRRO VWHHO 7KLV LPSOLHV WKDW SURGXFWLRQZLWK SUHKHDWLQJ FDQ HOLPLQDWH
VWUHQJWKHQLQJSRVW KHDW WUHDWPHQWV ,W VKRXOGEHQRWHGKRZHYHU WKDW HORQJDWLRQ DW EUHDN IRU WKH6/0HGSDUWV DUH
VLJQLILFDQWO\ORZHUWKDQIRUFRQYHQWLRQDOPDWHULDO
)HKOHU 9HUZHLVTXHOOH NRQQWH QLFKW JHIXQGHQ ZHUGHQ VKRZV IUDFWXUH VXUIDFHV RI WKH GLIIHUHQW SDUWV 7KH
GLPSOHG VWUXFWXUH LQGLFDWHVGXFWLOH IUDFWXUHV$OO IUDFWXUH VXUIDFHV VKRZ OLQHVRISRURVLWLHVZKLFKFDQH[SODLQ WKH
ORZGXFWLOLW\RIWKHSDUWV

)LJ6WUHVVVWUDLQFXUYHVIRUVDPSOHVZLWKRXWZLWK&DQGZLWK&SUHKHDWLQJ

7DEOH6XPPDU\RIWHQVLOHWHVWVRIVSHFLPHQVSURGXFHGZLWKGLIIHUHQWSUHKHDWLQJWHPSHUDWXUHVFRQILGHQFHLQWHUYDOVEDVHGRQ
PHDVXUHPHQWVDUHVKRZQ7KHFRPSDULVRQZLWKFRQYHQWLRQDOO\SURGXFHGDQGKHDWWUHDWHG+WRROVWHHOLVPDGH
 <RXQJ¶V0RGXOXV
>*3D@
<LHOG6WUHQJWK
>03D@
8OWLPDWH7HQVLOH
6WUHQJWK>03D@
(ORQJDWLRQ
DWEUHDN>@
&RQYHQWLRQDO    
6/0±QRSUHKHDWLQJ    
6/0±SUHKHDWLQJRI&    
6/0±SUHKHDWLQJRI&    
888   R. Mertens et al. /  Physics Procedia  83 ( 2016 )  882 – 890 

)LJ)UDFWXUHVXUIDFHVIRUVDPSOHVZLWKRXWDZLWK&EDQGZLWK&FSUHKHDWLQJ
'LVFXVVLRQ
6LJQLILFDQW GLIIHUHQFHV LQ PHFKDQLFDO SURSHUWLHV DUH IRXQG EHWZHHQ SDUWV EXLOG ZLWK GLIIHUHQW SRZGHU EHG
SUHKHDWLQJWHPSHUDWXUHV
3DUWV SURGXFHG ZLWKRXW SUHKHDWLQJ SRVVHVV D PDUWHQVLWLF VWUXFWXUH LQ HDFK QHZO\ PROWHQ OD\HU 7KH ;5'
GLIIUDFWLRQSDWWHUQUHYHDOVDPDUWHQVLWLFSKDVHDVZHOODVUHWDLQHGDXVWHQLWH7KHKLJKIUDFWLRQRIPDUWHQVLWHLQWKHWRS
OD\HUVOHDGVWRDYHU\KLJKKDUGQHVVRI+Y)XUWKHUPRUHWKLVKDUGPDUWHQVLWLFPDWHULDOLVODUJHO\WHPSHUHG
GXULQJPHOWLQJRIVXEVHTXHQW OD\HUV7KLV LVGHPRQVWUDWHGE\ WKHKDUGQHVVGURSZKHQPRYLQJDZD\IURPWKH WRS
VXUIDFH7KHELJGLIIHUHQFHLQPLFURVWUXFWXUHEHWZHHQWKHWRSIHZOD\HUVDQGWKHUHVWRI WKHSDUWODUJHIUDFWLRQRI
PDUWHQVLWHFRPSDUHGWRDODUJHO\WHPSHUHGPDUWHQVLWHOHDGVWRODUJHFRPSUHVVLYHVWUHVVHVDWWKHWRSRIWKHSDUW
$WDSUHKHDWLQJWHPSHUDWXUHRI& WKHPLFURVWUXFWXUHLVFRPSDUDEOH WR WKHPLFURVWUXFWXUHREWDLQHGZLWKRXW
DSSOLFDWLRQRISUHKHDWLQJ7KH;5'GLIIUDFWLRQSDWWHUQVKRZVDODUJHUIUDFWLRQRIUHWDLQHGDXVWHQLWHGXHWRWKHOHVV
IDVWTXHQFKLQJ6OLJKWO\ ORZHUKDUGQHVVDQG UHVLGXDO VWUHVVYDOXHVRI WKH WRSRI WKHSDUWV VXSSRUW WKLVFRQFOXVLRQ
$QDORJRXVWRSDUWVEXLOWZLWKRXWSUHKHDWLQJODUJHWHPSHULQJWDNHVSODFHZKHQWKHQH[WOD\HUVDUHPROWHQZKLFKLV
FRQILUPHGE\ WKHGURS LQKDUGQHVVZKHQPRYLQJDZD\IURPWKH WRSVXUIDFH7KHJOREDOKDUGQHVVDQGVWUHQJWKRI
SDUWVSURGXFHGZLWKDSUHKHDWLQJWHPSHUDWXUHRI&DUHORZHUWKDQRISDUWVSURGXFHGZLWKRXWSUHKHDWLQJ7KLVLV
DJDLQGXHWRWKHORZHUFRROLQJUDWHVZKLFKFDXVHVIRUPDWLRQRIPRUHUHWDLQHGDXVWHQLWH
)RUDSUHKHDWLQJWHPSHUDWXUHRI&RWKHUSKHQRPHQDDUHREVHUYHGZKLFKLQGLFDWHIRUPDWLRQRIDGLIIHUHQW
PLFURVWUXFWXUH%DVHGRQWKHFRQWLQXRXVFRROLQJWUDQVIRUPDWLRQGLDJUDPVKRZQLQ,QWHUOOR\ZKLFKLQGLFDWHV
DPDUWHQVLWLF WUDQVIRUPDWLRQWHPSHUDWXUHRIDERXW&DQGWKHPDUWHQVLWLF WUDQVIRUPDWLRQWHPSHUDWXUHRI&
UHSRUWHGE\(VHU HW DO  WKHPDWHULDO VWD\V DERYHPDUWHQVLWH WUDQVIRUPDWLRQ WHPSHUDWXUHGXULQJSURFHVVLQJ
6LQFHSURGXFWLRQWLPHVDUHGHSHQGLQJRQWKHUXQLQWKHUDQJHRIKRXUVWKHFFWGLDJUDPVXJJHVWVIRUPDWLRQRI
EDLQLWH 7KLV LV D UHDVRQDEOH VXJJHVWLRQ VLQFH EDLQLWH LV DQ LQWHUPHGLDWH IRUP EHWZHHQ PDUWHQVLWH DQG SHUOLWH
+DUGQHVVPHDVXUHPHQWVRIWKHYHU\WRSRIWKHSDUWVLQGLFDWHWKDWKDUGQHVVHVDUHORZHUIRUSUHKHDWLQJRI&WKDQ
IRU&DQGQRSUHKHDWLQJEHFDXVHWKHIRUPHGEDLQLWHLVQRWDVKDUGDVQRQWHPSHUHGPDUWHQVLWH)XUWKHUPRUHWKH
PLFURVWUXFWXUH LVPRUHXQLIRUPWKURXJKRXW WKHSDUW VLQFH WKH IRUPDWLRQRIEDLQLWHRFFXUVPDLQO\DIWHUSURGXFWLRQ
GXULQJ FRROLQJ GRZQ IURP SUHKHDWLQJ WHPSHUDWXUH WR URRP WHPSHUDWXUH 7KH EFF VWUXFWXUH IRXQG LQ ;5'
PHDVXUHPHQWVLQWKLVFDVHSRLQWVWRZDUGVEDLQLWHDQGQRWWRPDUWHQVLWH6LQFHWKHEDLQLWHIRUPHGKHUHLVVWURQJHU
WKDQWKHODUJHO\WHPSHUHGPDUWHQVLWLFPLFURVWUXFWXUHKDUGQHVVYDOXHVDQGVWUHQJWKYDOXHVIURPWHQVLOHWHVWLQJDUHWKH
KLJKHVWIRUDSUHKHDWLQJWHPSHUDWXUHRI&
,QDGGLWLYHSURFHVVHVVXFKDVODVHUFODGGLQJRUVHOHFWLYHODVHUPHOWLQJXVXDOO\WHQVLOHVWUHVVHVDUHIRUPHGEHFDXVH
RI WKH ORFDO PHOWLQJ DQG UDSLG VROLGLILFDWLRQ RI WKH PDWHULDO LQ HDFK VXEVHTXHQW OD\HU )RU + WRRO VWHHO WKLV
SKHQRPHQRQLVFRXQWHUDFWHGE\WKHPDUWHQVLWHIRUPDWLRQZKLFKFDXVHVWKHPDWHULDO WRORFDOO\H[SDQGUHVXOWLQJLQ
FRPSUHVVLRQVWUHVVHV7KLV LVDOVRREVHUYHGKHUHIRUSDUWVPDGHZLWKORZHUSUHKHDWLQJWHPSHUDWXUHV:KHQKLJKHU
SUHKHDWLQJWHPSHUDWXUHVDUHXVHGPLFURVWUXFWXUDOGLIIHUHQFHVEHWZHHQWKHWRSOD\HUDQGWKHPDWHULDOXQGHUQHDWKDUH
UHGXFHGRUHYHQQRQH[LVWLQJZKLFKUHVXOWVLQODUJHWHQVLOHVWUHVVHVLQWKHWRSOD\HUVRIWKHSDUWV
D1RSUHKHDWLQJİ  E3UHKHDWLQJRI&İ  F3UHKHDWLQJRI&İ 
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&RQFOXVLRQ
,Q WKLV UHVHDUFK+ WRRO VWHHO SDUWV DUH SURGXFHG E\ XVLQJ VHOHFWLYH ODVHUPHOWLQJZLWK GLIIHUHQW SRZGHU EHG
SUHKHDWLQJWHPSHUDWXUHV,WZDVIRXQGWKDWORZSUHKHDWLQJWHPSHUDWXUHVRIXSWR&VRIWHQWKHPDWHULDOZKHUHDV
KLJKHU SUHKHDWLQJ WHPSHUDWXUHV RI & UHVXOW LQ D VWURQJHU PRUH XQLIRUP PDWHULDO 5HVLGXDO VWUHVVHV DUH
FRPSUHVVLYHDWORZSUHKHDWLQJWHPSHUDWXUHVDQGJUDGXDOO\HYROYHWRDWHQVLOHQDWXUHZKHQSUHKHDWLQJWHPSHUDWXUHV
LQFUHDVH
7KH SDUWV REWDLQHG E\ XVLQJ D SUHKHDWLQJ WHPSHUDWXUH RI &KDYH D YHU\ KRPRJHQHRXVPLFURVWUXFWXUH DQG
DGGLWLRQDOO\ WKH\ SRVVHVV EHWWHU PHFKDQLFDO SURSHUWLHV WKDQ SDUWV SURGXFHG ZLWKRXW RU ZLWK ORZHU SUHKHDWLQJ
WHPSHUDWXUHV 5HPDUNDEOH KHUH LV WKH XOWLPDWH WHQVLOH VWUHQJWK RI WKH SDUWV ZKLFK LV VLPLODU WR FRQYHQWLRQDOO\
SURGXFHGDQGKHDWWUHDWHG+WRROVWHHODQGWKHKDUGQHVVZKLFKLVVLJQLILFDQWO\KLJKHUWKDQFRQYHQWLRQDOPDWHULDO
7KLVLQGLFDWHVWKDWE\DSSO\LQJSUHKHDWLQJGXULQJWKH6/0SURFHVVDGGLWLRQDOSRVWSURFHVVLQJFDQEHDYRLGHG7KLV
OHDGVWRDPRUHWLPHDQGFRVWHIILFLHQWSURGXFWLRQSURFHVV
$FNQRZOHGJHPHQWV
7KHUHVHDUFKOHDGLQJWRWKHVHUHVXOWVKDVUHFHLYHGIXQGLQJIURPWKH.8/HXYHQ*2$SURMHFW6800$DQGIURP
WKH)OHPLVKSURMHFWV6,0,&21([SDPHW,:7DQG6,06%20XOWL0HW,:7
5HIHUHQFHV
$O0DQJRXU % *U]HVLDN ' <DQJ -  1DQRFU\VWDOOLQH 7L&UHLQIRUFHG + VWHHO PDWUL[ QDQRFRPSRVLWHV IDEULFDWHG E\ VHOHFWLYH ODVHU
PHOWLQJ0DWHULDOVDQG'HVLJQ
&RQJ ' =KRX + 5HQ = =KDQJ = =KDQJ +0HQJ &:DQJ &  7KHU WKHUPDO IDWLJXH UHVLVWDQFH RI + VWHHO UHSDLUHG E\ D
ELRPLPHWLFODVHUUHPHOWLQJSURFHVV0DWHULDOVDQG'HVLJQ
&RUQLHU'+DUU\VVRQ2:HVW+ &KDUDFWHULVDWLRQRIKLJKDOOR\ VWHHOSURGXFHGYLD HOHFWURQEHDPPHOWLQJ6)) V\PSRVLXP7H[DV
86$
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